T
he suppressor of cytokine signaling-1 (SOCS-1) gene, the transcription of which is strongly induced by cytokine stimulation, encodes a cytoplasmic protein that acts in a negativefeedback loop to inhibit signal transduction from activated cytokine receptors (1) . The SH2 domain within SOCS-1 interacts with activated, receptor-associated Janus kinase kinases resulting in the inhibition of tyrosine kinase activity (2) (3) (4) . In addition, the SOCS box at the C terminus of SOCS-1 interacts with the cellular ubiquitination machinery and is thought to target associated signaling molecules for proteasomal degradation (5, 6) . It has been shown that, when over-expressed in vitro, SOCS-1 inhibits signals from a diverse range of cytokines, including members of the IL-6 family and thrombopoietin (7) , the interferons (7, 8) , erythropoietin and interleukin-2 and -3 (2), interleukin-4 (9), growth hormone (10), prolactin (11) , insulin-like growth factor I (12), stem-cell factor (13) , and tumor necrosis factor 1 (14) .
Inactivation of the SOCS-1 gene does not impair fetal development, but SOCS-1 Ϫ/Ϫ mice die during the neonatal period with a disease syndrome dominated by fatty degeneration, necrosis of the liver, and damage to the pancreas, heart, and skin caused by infiltrating T lymphocytes, macrophages, and eosinophils (15) (16) (17) . This syndrome depends on hyperresponsiveness of SOCS-1 Ϫ/Ϫ cells to stimulation by IFN-␥ and the susceptibility of the neonatal mouse liver to the toxic effects of IFN-␥. This fact was clearly established by the prevention of disease in the neonatal period by the administration of antibodies to IFN-␥ or by generating mice lacking IFN-␥, in addition to SOCS-1 (18) . Interestingly, mice with homozygous inactivation of the SOCS-1 gene that are heterozygous for IFN-␥ die prematurely between 3 and 8 weeks of age with a disease state involving polymyositis of all striated muscles, myocarditis, corneal infiltration, and ulcers. In these tissues, the infiltrating cells are again activated T lymphocytes, macrophages, eosinophils, and, less often, neutrophils (19) .
The cell type that has been implicated in the possible initiation of both syndromes is the T lymphocyte. These cells may be aberrantly activated either because of hyperresponsiveness to cytokines such as IL-2 or by developing autoresponsiveness either to normal tissue antigens or to surface proteins displayed aberrantly on cells in the absence of SOCS-1 (17) .
Young adult mice with homozygous inactivation of the genes encoding both SOCS-1 and IFN-␥ seem healthy, although they do have abnormal foci of T and B lymphocytes in their lungs (19) . Given the range of different cytokines SOCS-1 can inhibit in vitro, such double knockout mice are of particular interest, because they may represent an in vivo model of multicytokine hyperresponsiveness. The present study was undertaken to determine the long-term consequences of this potentially inadequately restricted cytokine signaling. Because no published account exists of the long-term fate of mice with inactivation of the IFN-␥ gene alone, such mice represented an important control group to establish which of the disease states developing in double-knockout mice one might ascribe merely to loss of IFN-␥.
Materials and Methods
Mice. The generation of mice with homozygous inactivation of the SOCS-1 gene has been described (15) . Homozygous IFN-␥ Ϫ/Ϫ mice were obtained from The Jackson Laboratory; by interbreeding SOCS-1 ϩ/Ϫ mice with IFN-␥ ϩ/Ϫ mice, progeny of the three genotypes were generated for study-SOCS-
, and SOCS-1
Mice were genotyped by Southern blot analysis of genomic DNA from tail tips, as described (18) . All mice were of mixed genetic background of C57BL͞6 and 129͞Sv. The study mice were housed in protected animal quarters that were monitored regularly for the presence of pathogenic viruses and bacteria. Mice of the study groups were clinically inspected daily for the lifespan of the SOCS-
Analysis of Mice. Mice were killed when clinically ill, and the brain, thymus, thyroid, heart, lung, salivary glands, sternum, femur, tibia, skin, liver, spleen, pancreas, kidneys, small bowel, bladder, skeletal muscle, and uterus or testes were fixed in 10% buffered formalin; the tissues were blocked, and sections were stained routinely with hematoxylin and eosin. When leukemias developed, these tissues were subjected to FACS analysis as described Abbreviation: SOCS-1, suppressor of cytokine signaling-1.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (19) . In addition to the study groups, aging mice were analyzed at intervals by performing cell counts on orbital blood; also, absolute and differential cell counts were performed on peritoneal, spleen, and marrow populations and were subjected to histological examination.
Irradiation. To induce lymphoid leukemia, mice aged 28 to 31 days were given an initial dose of 168 cGy of whole-body ␥-irradiation from a 137 Cs source followed by two further doses of 168 cGy at weekly intervals.
Statistical Analysis. Comparison of survival curves from irradiated mice was performed by logrank test by using PRISM VERSION 3.0 statistical software (GraphPad, San Diego). Other statistical analyses used the Student's t test. mice were still in apparent good health at this age. To terminate this two-year study after the death of the last experimental animal, all surviving control mice were killed when aged 575-753 days, and these mice then were analyzed histologically.
Results

Groups
Because no long-term study has been reported on the consequences of deletion of the IFN-␥ gene, 12 mice of both control groups also were analyzed for their hematological status when aged more than 600 days. The only abnormalities observed in these control groups were an elevated number of lymphocytes in the peripheral blood of SOCS-1 for normal young adult mice; P Ͻ 0.01). All other parameters in the blood, spleen, and marrow populations were within the normal limits for normal young adult mice. Table 1 lists the frequency of various pathological states observed in the three groups under study. Several disease states were noted in SOCS-1 Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice that were either not present, or at significantly lower frequency, in control mice. These disease states were enlarged polycystic kidneys, pneumonia, chronic ulceration of the skin of the tail, flank regions, or ears (regions accessible to scratching), granulomas with infiltrating lymphocytes, macrophages and eosinophils in the gut, and a miscellany of chronic granulomas located in the abdomen or uterus and involving the same cell types.
The development of polycystic kidneys seemed to require loss of the SOCS-1 gene. Typically, only one kidney was involved, and the walls of the cystic spaces contained some surviving glomeruli of normal appearance but dilated Bowman's capsules and with infiltration by lymphocytes, macrophages, eosinophils, and plasma cells (Fig. 2a) . The lesion was of interest because neonatal SOCS-1 Ϫ/Ϫ mice exhibit a derangement or delay in establishing a normal architectural pattern of renal medullary collecting tubules ( Fig. 2 b and c) .
The pneumonia developed by SOCS- 2f ) involved patchy areas of the lung with a chronic infiltrate of lymphoid cells, macrophages, and eosinophils, with a few neutrophils. A characteristic feature of these lesions was the presence of enlarged eosinophilic cells, either alveolar macrophages or alveolar cells, often with large eosinophilic crystals in the cytoplasm or lying free between the cells.
The chronic skin ulcers (Fig. 2d ) and various granulomatous lesions in the skin, gut (Fig. 2g) , and abdominal organs also involved populations of lymphocytes, macrophages, eosinophils, and less often neutrophils; these states seemed to have been chronic in nature.
Disease states observed in lower frequency in SOCS-1 Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice than in control mice included adenomas of the lung and reticulum cell sarcomas. Both diseases characteristically develop in mice later in life. Therefore, the difference is likely to be based on the significantly older average age of the control mice when analyzed Cataract formation, which was usually bilateral, was observed in a surprisingly high frequency in all three groups of mice. Cataracts commenced with aberrant dispersion of Feulgenpositive degenerating equatorial lens nuclei into the more central regions of the lens, followed by breakdown of the homogeneous lens protein, often with vacuole formation (Fig. 2h) . No extraneous infiltrating cells were present in any of the affected lenses. From the data in Table 1 , cataract formation was not linked obviously with loss either of the SOCS-1 or IFN-␥ genes. However, at autopsy, the disease was less advanced in SOCS-1 ϩ/ϩ IFN-␥ Mice of all three groups exhibited a high frequency of lymphoid foci present in the liver, lung (Fig. 2e) , kidney, bladder, , at which age the lesions seemed to be related to loss of SOCS-1, have been noted in previous studies (19) . A survey of small groups of mice of all three genotypes at the age of 360 days failed to reveal lymphoid foci in other organs, and the development of these foci seemed to be progressive with advancing age in all three genotypes.
None of the SOCS-1 Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice developed the fatty degeneration and necrosis of the liver characteristic of young SOCS-1 Ϫ/Ϫ mice (15) . The presence of lipid in hepatocytes and proximal renal-tubule cells was noted in some of the very old mice of all three groups; it seemed to be a nonspecific change with increasing age, as was the presence of an elevated population of granulocytic cells in the bone marrow. (19) . However, no further cases of lymphoid leukemia developed. It was possible that the activated state of T lymphocytes might render them more susceptible to leukemic transformation than the cells of control mice. To further explore this possibility, additional groups of young mice of all three genotypes were subjected to a leukemogenic regimen of whole-body irradiation (three 168 cGy whole-body irradiations). As shown in Fig. 3 , irradiation induced a high frequency of lymphoid leukemia in mice of all three genotypes, with leukemia developing at a moderately but significantly higher frequency, but no earlier, in SOCS-1
mice than in control mice. Fluorescence activated cell sorter analysis of 23 of the leukemias in the three groups showed that all were T lymphoid (CD4 ϩ CD8 ϩ ) with the cells exhibiting a varying elevated level of expression of the activation marker CD44 (data not shown). All leukemic mice exhibited the typical pathology of lymphoid leukemia involving thymus, lymph nodes, liver, kidney, and spleen. In view of the frequent infiltration of T lymphocytes in the skin, pancreas, skeletal muscle, heart, and cornea of sick neonatal and young adult SOCS-1 Ϫ/Ϫ mice (15, 19) , it was curious that leukemic-cell infiltrates in irradiated SOCS-1 Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice were rare or not present in these tissues. (19) . This result indicates that IFN-␥ is absolutely necessary for Data for SOCS-1 ϩ/ϩ IFN␥ Ϫ/Ϫ mice (with five exceptions) and SOCS-1 ϩ/ϩ IFN␥ ϩ/ϩ mice (with one exception) are from remaining survey mice killed when apparently healthy at 575-753 days of age after all SOCS-1 Ϫ/Ϫ IFN␥ Ϫ/Ϫ mice had died. Marrow G Ͼ M indicates an excess of granulocytic cells in the marrow vs. mononuclear lymphoid and erythroid cells.
the development of these lesions in SOCS-1 Ϫ/Ϫ mice and is not merely an agent that accelerates the onset of these diseases.
However, although neonatal or early adult disease was avoided by removing IFN-␥, loss of SOCS-1 significantly shortened the lifespan of the mice. The major causes of premature death were the development of polycystic kidneys and a group of infections or inflammatory states in which chronic pneumonia predominated. Commonly, more than one disease state was present in individual mice.
The experimental design involved the killing and examination of control mice remaining alive after the death of the last experimental mouse. This procedure was suboptimal, because it was likely to have artificially reduced the frequency of certain diseases, such as reticulum cell sarcoma or lung adenomas, in the control group. However, these diseases were noted only in control mice aged 520-742 days and, because few SOCS-1
mice reached such an age (Fig. 1) , they cannot rationally be regarded as having avoided these diseases because of the absence of SOCS-1.
The high frequency of polycystic kidneys was restricted to SOCS-1
mice, which suggests that one can ascribe this lesion to the loss of the SOCS-1 protein. In this context, it is of interest that neonatal SOCS-1 Ϫ/Ϫ mice exhibit a consistent deficiency, or delay, in the organization of renal medullary tubules into a regular pattern (Fig. 2c) . It is conceivable that this developmental abnormality may lead to failure of occasional medullary tubules to make adequate connections with cortical proximal tubules, leading to tubular dilatation and cyst formation by transfiltrates from the glomeruli involved. Most such polycystic kidneys had infiltrates of lymphocytes and plasma cells in the cyst wall and sometimes chronic granulomas in adjacent tissues, but these may have been secondary to cyst formation.
The occurrence of some early T lymphoid leukemias in the SOCS-1
mice was of interest because there are aberrant ratios of T lymphocyte subsets and activation particularly of CD8 ϩ cells in mice lacking SOCS-1 (15) (16) (17) 19) . The activated state of T lymphocytes in the absence of SOCS-1 might possibly have rendered them more susceptible to neoplastic transformation. However, whereas whole-body irradiation was somewhat more effective in inducing T lymphoid tumors in SOCS-1
than in control mice, the differences were relatively minor.
The T lymphocytes or natural killer T lymphocytes of SOCS-1 
IFN-␥
Ϫ/Ϫ mice might have been based on autoaggression of T lymphoid and related cells. However, the lesions did not resemble those of graft-versus-host disease (21, 22) or autoimmune diseases. Of the inflammatory diseases, the most complex were the pneumonia lesions involving enlargement of alveolar cells, infiltration by macrophages, neutrophils, and eosinophils, and the development of large, Charcot-Leyden-like crystals, often within the lumen of bronchi. There were no obvious foci of bacteria or fungi in any of the inflammatory lesions, but the presence of microbial infections cannot be excluded.
If the inflammatory lesions were based on microbial infections, this would suggest an inadequate capacity of SOCS-1 Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice to eliminate microorganisms of possibly low pathogenicity. It has been documented that lack of IFN-␥ results in increased susceptibility to a number of infections (23, 24) and might possibly contribute to the development of chronic infections. However, such lesions occurred only, or earlier, in SOCS-1
mice, and, therefore, the defect, if real, seems to be ascribable mainly to lack of SOCS-1. The lymphoid foci developing in SOCS-1
mice seemed unrelated to the chronic inflammatory lesions and were equally frequent and extensive in the control mice.
The development of cataracts in a high proportion of SOCS-1 Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice, with no evidence of cellular infiltration in the eye, was unexpected, but the disease also developed with similar frequency in both control groups. The disease may have been dependent on the particular genotype of the mice used in the present study, but these genotypes are commonly used strains. Although the opacity of the eyes was quite evident on clinical inspection and commenced under the age of 6 months, its occurrence may have been missed by earlier investigators. Numerous mutations have been described as predisposing to cataract formation (25) , but the disease has not been noted as a consequence of loss of IFN-␥. However, the lesions were less advanced in SOCS-1
mice, and clinical examination indicated that cataract formation developed earlier in both groups lacking IFN-␥. Therefore, the data suggest that loss of IFN-␥ can accelerate cataract formation.
It is worthy of comment that aging SOCS-1
Ϫ/Ϫ mice failed to develop the various pathological changes noted as following upon overexpression of IL-6 (26), GM-CSF (27) , or stem cell factor (28) . This finding suggests that the observed ability of SOCS-1, when over-expressed, to inhibit signaling by these agents in vitro may be misleading because no evidence of sustained overstimulation of cells by these regulators was observed when SOCS-1 was missing in vivo.
Loss of the IFN-␥ gene alone had little impact on the lifespan or pattern of disease development in the mice surveyed, other than the possible acceleration of cataract development and a lower frequency of lymphoid foci in some organs. The low frequency of obvious infections in mice lacking IFN-␥ was surprising, but one may ascribe it to the protected animal rooms in which the study groups were housed. It has been reported that mice with inactivation of the IFN-␥ receptor ␣-chain gene show an increased susceptibility to carcinogen-induced tumor formation (29, 30) , but enhanced tumor development was not observed in either of the present groups of mice lacking IFN-␥.
The overall results confirm and extend earlier data indicating that most disease development after the loss of SOCS-1 requires the presence of IFN-␥ (18, 19) . The only disease states developing in mice lacking both SOCS-1 and IFN-␥ were polycystic kidneys and a miscellany of chronic infections or inflammatory lesions, and, therefore, these represented the major types of late-developing IFN-␥-independent disease one may ascribe to the loss of SOCS-1. 
